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Abstract
According to the advancement of computers, communication technologies and other devices, digitization of
data such as design information and so on has advanced rapidly. Hence, the development of uni0ed systems
for CAD=CAM=CAE is extremely important. In this article, we shall state four techniques as technical tools
useful for digital processing, which are to be comprised in our uni0ed system for CAD=CAM=CAE.
c© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
As represented by CAD=CAM=CAE and computer graphics, digitization of informations has been
widespread rapidly. However, there are many cases which need a person’s help. For example, in
mesh generation necessary for the 0nite element method, it takes too much time to modify, for
example, irregular shaped patches. Hence, it cannot be said that the digital design in the true sense
is realized. The performance of computers has made rapid progress and it enables us to visualize
the results of analysis which need a large amount of data such as animation. On the contrary, the
di<erence of data structures is a bottleneck to connect smoothly CAD, CAM and CAE. So it is
necessary to construct a uni0ed system for CAD=CAM=CAE. In this article we introduce technical
tools for digital processing which are to compose our future system and are to be of bene0t to the
readers.
As a methodology of our research, we have two ways, one for preprocessing and one for post-
processing. This paper is comprised as follows. In the preprocessing part where mainly the mesh
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Fig. 1. Mask of modi0ed butterDy scheme for regular vertices.
generation is discussed, there are two research themes, one is the subdivision method (Section
2), and another is the characteristic topology method (Section 3). In the postprocessing part there
are also two research themes. We treat the morphing in Section 4, which is applicable to anima-
tion, and in Section 5 we discuss the lifting subdivision method e%cient to reduce the rendering
cost.
2. Subdivision method
In the 1990s, the subdivision method was noticed in the 0eld of computer graphics and has been
progressing with vast speed. This method is that, for a given triangular or quadrilateral mesh, by
dividing each triangle or quadrilateral into four pieces in an appropriate way and repeating this
procedure, we 0nally can get a smooth surface in the limit. Subdivision schemes are classi0ed by
the types of mesh, i.e., triangular or quadrilateral, and by the re0nement rules, i.e., interpolation
or approximation, etc. For details of the subdivision method, we refer to [22] and the literature
therein.
Characteristics of the subdivision method are the following: (1) applicable to arbitrary topology and
unnecessary to make an e<ort to preserve the compatibility of patches as in the parametric method
such as B-spline and NURBS; (2) low computational cost because of simplicity of de0nition. As
an example, we show the mask of one of the subdivision schemes (modi0ed butterDy scheme for
regular vertices) in Fig. 1. Here p = 1=2; q = 1=8; r = −1=16.
Although the subdivision method is used for construction of smooth surfaces, we think that this is
available in the construction of master models of products. Firstly, we scan the coordinates of points
on the physical object by the scanning machine from the engineering point of view. Secondly, we
make an initial mesh so as to satisfy the users’ aspect ratio demand as a 0rst stage for the subdivision
method. Next, we apply the subdivision method to the initial mesh obtained by the previous step;
here we use the modi0ed butterDy scheme which is interpolatory and applicable to triangular meshes.
The reasons for applying this scheme are that the interpolation scheme does not change the points
obtained in the previous steps, in particular, the initial points. After the repeated application of the
subdivision scheme several times, we get the re0ned triangular mesh as a polygonal master model.
And 0nally we can utilize this master model for FEM analysis, and apply the results further to CAM
and rapid prototyping. The Dow of this process is described in Fig. 2.
I. Hagiwara, J. Shinoda / Journal of Computational and Applied Mathematics 149 (2002) 325–333 327
Coodinates
Measurement
Machine
Subdivision SchemeAspect Ratio
Engineering
Requirement
Rapid
Prototyping
Data
Structure
FEM
Analysis
CAD
Polygonal
Master
Model
Physical
Model
Initial
Mesh
Scanned
Data
Fig. 2. General scheme for constructing a master model.
Moreover, subdivision schemes can control the local mesh density, see for example [11]. And a
new type of subdivision scheme (
√
3-subdivision) discussed in [9] has the possibility of the control
of mesh size. Since the subdivision method was originally introduced to generate smooth surfaces,
if we apply the subdivision scheme to the resulting mesh more and more, we can obtain a CAD
model of a physical model. Hence, it is also possible to construct a uni0ed CAD=CAM=CAE system
using the subdivision method. We expect that such a system will replace the existing system using
the parametric method as a new technology.
At the end of this section, we mention initial meshes brieDy. As stated above, it is necessary to
construct an initial mesh for applying a subdivision scheme. And to keep the quality of the resulting
mesh, we must generate a good initial mesh. Our algorithm for generating an initial mesh is for
triangular meshes. This is accomplished by looking for the point to a 0xed segment connecting two
initial points in a reasonable way in order that these three points constitute a good triangle, see [16]
for details.
3. Characteristic topology method
In the development of products in industry, it is an important subject to reduce the cost and
the period for development. For this aim, it is e%cient to exploit the analysis by computers with
FEM and so on, in the initial stage of design. On the contrary, it takes too much time to gen-
erate a mesh necessary for FEM analysis with large structure. As for the accuracy of FEM anal-
ysis for solids, it is known that a hexahedral mesh is superior to a tetrahedral one. But there
does not exist the system automatically generating hexahedral meshes with good quality applied to
products and parts appearing in practical a<airs. So the appearance of such a system is eagerly
wished.
On the other hand, several methods were proposed to generate hexahedral meshes. Among them,
here, we quote the plastering method in [2,1] and the whisker weaving method in [21,5]. Both of
them start from a surface quadrilateral mesh. Recently, MMuller-Hannemann proposed the dual cycle
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Fig. 3. Templates.
Fig. 4. Example of insertion of templates.
elimination method to this end in [13]. His method also starts from a mesh on the surface of an
object, but it needs the condition that every dual cycle has no self-intersection. It is divided into
two parts. Firstly, by eliminating dual cycles in an appropriate order, we reduce the original object
to a single hexahedron. Secondly, we generate a hexahedral mesh by tracing back in the reverse
way and supplementing hexahedrons inside of the object layer by layer. But he could not solve the
problem of how to construct the quadrilateral mesh without self-intersection of dual cycles on the
surface at that time.
Now we propose a simple method to solve the self-intersection problem, see also [19]. Our
problem is formulated as follows. Given a polygonal surface homeomorphic to the sphere and
nodes on the edges, i.e., the boundaries on the polygonal faces, construct the quadrilateral mesh
which has no self-intersection such that every given node is that of an element of the resulting
mesh.
Note that the con0guration of nodes is arbitrary but we permit a little change of the number of
nodes.
We state the outline of our algorithm. Firstly, we divide each face of the given polygon into
triangles and quadrilaterals. Secondly, we prepare four templates; one is a triangle and the others
are quadrilaterals (Fig. 3), and insert these templates into the divided polyhedron in an appropriate
manner. For example, in Fig. 4, templates A and B are inserted into the pyramid-shaped object, but
if we start from the 0xed edge and go along the path shown in Fig. 3, we meet an intersection
point. Then, we replace template B with template C and consequently we get a loop without a
self-intersection which we call a characteristic dual cycle. In a similar way, we get a set of loops
describing the structure of the divided polygon. Next we insert these characteristic dual cycles as
many as possible so as to go between each neighboring two nodes. In this case, by the arbitrariness
of the con0guration of nodes, it is impossible to place the characteristic dual cycles so as to go
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between every neighboring two nodes. To do this, we need supplementary loops which we call
quasi-characteristic dual cycles. By inserting these quasi-characteristic dual cycles in an appropriate
way, the topological structure of the quadrilateral mesh is determined and hence we can get a mesh
satisfying the demands.
Finally we remark that the way of inserting loops is only two; this leads to the simpli0cation
of the order in the elimination of dual cycles when applying Hannemann’s method. Further, we
note that very recently MMuller-Hannemann himself also proposed a method to generate the surface
quadrilateral meshes without self-intersection of dual cycles which is discussed in [14].
4. Morphing
We carry out our research in the framework of volume modeling, which can be regarded as a
sub-domain of computer graphics. One of the main features of volume modeling is a functional
representation (F-rep) of three-dimensional objects (solids), that is representation in the implicit
form f(x; y; z)¿ 0.
Suppose we have a set of scattered points on the surface of some unde0ned solid. To reconstruct
the surface of the solid (in other words, to 0nd the F-rep of the solid) from the set of points, we use
a new method, namely we reconstruct the surface with special kinds of volume splines—compactly
supported radial-based functions (CSRBF).
The previous approach using radial-based functions (RBF) is seen in [18], and its application
in [12,3]. In our approach using CSRBF, we use the following spline function of the form as an
implicit function,
f(x; y; z) = 1=2
N∑
i=1
i(|P − Pi|) + N+1 + N+2x + N+3y + N+4z − fc(x; y; z);
where {Pi}Ni=1 is a set of given points, (x; y; z) is the coordinates of point P, fc is a de0ning function
and, for some parameter R¿ 0,
(r) =


(
1− r
R
)2
; 06 r6R;
0; r ¿R:
Further we adopt the following steps to determine the unknown coe%cients {i}N+4i=1 :
1. Octal tree creation.
2. Searching neighbors of each point, using tree.
3. Sorting data using the octal tree.
4. Solving a system Ax = b of linear algebraic equations with a band-diagonal matrix A.
The method realizes the e%cient reconstruction. In fact, from 1487 points, we can reconstruct
“head” shown in Fig. 5 in almost 3 s by PC (Pentium III 700 MHz, 320 MB RAM), see [10].
One of the applications of our novel and robust technique is morphing. Morphing is an operation
on two geometric objects resulting in a new object with an intermediate shape. Suppose we have
an initial object represented by f(x; y; z)¿ 0, and a 0nal object represented by g(x; y; z)¿ 0. Then,
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Fig. 5. Head reconstruction by CSRBF.
Fig. 6. Example of morphing.
using our new method we can e<ectively and quickly construct an intermediate object h(x; y; z; t)¿ 0,
where h(x; y; z; t) = (1 − t)f(x; y; z) + tg(x; y; z) and t is time from [0,1]. Details are described in
[10]. Here we show the example of morphing with constraints in Fig. 6.
The initial volumetric head (t = 0) is gradually transforming into torus (t = 1). The goal of the
choice of torus is to show that our method can easily transform an object to the other one with a
di<erent topology. The pictures above are results of our C++ programs implementation.
Our technique for surface reconstruction is applicable to other directions. One of them is two-
dimensional inpainting problem. Some examples are seen in [17]. Also, we connect our future
research with various applications of our technique, for example, to animation, collision detection,
restoration design and so on.
5. Lifting subdivision
In order to represent three-dimensional geometric models in detail, a large number of vertices
and meshes are used and a vast amount of computational costs for its rendering is required. Hence,
mesh simpli0cation for reducing rendering costs is necessary and the multiresolutional representation
method is used to resolve this problem. The most typical method is Hoppe’s progressive mesh
I. Hagiwara, J. Shinoda / Journal of Computational and Applied Mathematics 149 (2002) 325–333 331
odd (k−1)
even (k−1)
odd (k−1)
even (k−1)
level k
level k−1
level k
 
P (k)
d (k-1)
P (k−1)
Split Predict Update
  
Update Predict Merge
 
P(k)
Simplification Reconstruction 
Fig. 7. The lifting scheme.
Fig. 8. Multiresolutional representation of quadrilateral mesh.
referring to [6,7]. Although this method can reconstruct the original mesh from simpli0ed meshes
completely and achieve the reverse transformation with high speed, it needs a great number of
operations in simpli0cation. In this section we restrict ourselves to indexed quadrilateral meshes,
which especially appear in medical imaging, image reconstruction using computed tomography and
so on. And we propose a new mesh simpli0cation method to reduce the rendering costs of models
with detailed quadrilateral meshes. This mesh simpli0cation method leads a sequence of level of detail
(LOD) without having to allocate new memory space. We call this method Lifting Subdivision since
it is based on lifting scheme [20] and subdivision method [4].
The lifting scheme is one of wavelet transform methods, which can design the wavelet and is faster
than the fast wavelet transform under some conditions. The scheme for the one-dimensional case is
shown in Fig. 7. The sequence of the one-dimensional sequence P(k) is translated into the simpli0ed
sequence P(k−1) and the sequence of wavelet coe%cients d(k−1) in the simpli0cation stage. The
original signal P(k) is completely obtained from P(k−1) and d(k−1) in the reconstruction stage. There
are four operators: ‘Split’ divides the sequence P(k) into even and odd indexed signals; ‘Predict’
estimates the odd indexed signals from evens; ‘Update’ determines the order of vanishing moments
of the wavelet; Merge.
On the other hand, the subdivision, four-point scheme, is a method to generate interpolating
surfaces in the limit from indexed quadrilateral meshes. We apply this four-point scheme to the
predictor of the lifting subdivision. This predictor leads an interpolating scaling function and we
regard the coe%cients as the simpli0ed coordinates of the original model. For the precise description
of the lifting subdivision method, we refer to [15].
An example of multiresolutional representation of quadrilateral meshes is shown in Fig. 8. Level
k of multiresolutional representation is set to 0;−1; : : : ;−5 from the left to the right. The number of
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Fig. 9. Example of noise reduction (left: before reduction; right: after reduction).
vertices is 400× 400 at level 0 and 13× 13 at level −5. The CPU time to obtain the mesh at level
−1 (200× 200 vertices) from that of level 0 (400× 400 vertices) is 0:18 s (Celeron 600 MHz).
The lifting subdivision method is also applicable to get rid of noise. Too much noise is generated
when the observation is carried out by the recently developed hydrogen microscope. We give an
example of noise reduction (Fig. 9), which is described precisely in [8].
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